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S U M M A R Y  

Ca lcu la t ion  is made of the s e t t l e d  d i s t r i b u t i o n  of ozone 
d e n r i t y  i n  t h e  atmosphere as a funct ion of t h e  a l t i t u d e  and i n  t h e  
presence of a i r  c i r c u l a t i o n  &c, a func t ion  of t h e  l a t i t u d e  of the  
s p o t .  

* 
* * 

It is experimental17 e s t ab l i shed  t h a t  t h e  ozone conten t  i n  . 

tlie Ptmoqhere and i t E  d i s t r i b u t i o n  i n  h e i g h t  depend e s s e n t i a l l y  on 
vertical a n 3  ho r i zon te l  a i r  flows i n  t h e  atmosphere 111 Accordingly,  
t h e  d i s t r i b u t i o n  of ozone mag s e n e  as an ia-portant  i n d i c a t o r  of 
atmosp7eric procemses and even of syzcptic p o s i t i ~ ~ ? ,  ThFe cdds to 
t h e  invef i t iga t ion  of ozone and of  its v a r i a t i o n  a t  t e r r e s t r i a l  g lobe ' s  
s c a l e  a d i r e c t  p r a c t i c a l  i n t e r e s t .  

T h e o r e t i c a l l y ,  the inf luence  of purely v e r t i c a l  flows upon 
the  d i s t r i b u t i o n  of ozone has been considered i n  the  work c21. 

We s h a l l  consider  i n  the c u r r e n t  work t h e  in f luence  of ozone 
d i s t r i b u t i o n  of a concrete  scheme of gene ra l  atmosphere c i r c u l a t i o n ,  
i n c l u d i n e  t3e  ver t ica l .  and ho r i zon ta l  branches of t h e  flow. 

~- ~ 
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Espec ia l ly  considered here  is the closed air c i r c u l a t i o n  c 3 3 ,  
of which the  v e r t i c a l  and  ho r i zon ta l  v e l o c i t y  component6 Vr  and V c p ,  

t ek inx  i n t o  account t he  con t inu i ty  equat ion  f o r  an exponen t i a l ly  decree- 
a i 3 5  a i r  dens i ty  w i t h  he igh t ,  mr4y be w r i t t e n  i n  t h e  form 

17, == ~ ' ~ ~ ~ , ) { ( ~ - 2 ( Z ~ ) ( r - ~ ~ ) }  cosb ( r - l? )  sinuR(cp-cpcp,) Isiricp, (1) . 
b'v = --hVoeerp { ( p - 2 l Z I i ) ( r - f i ~ ) } s i n b ( r - R ) c o s a R ( c p - ~ o )  Iasincp. 

Here r is t h e  radius-vector  d i r e c t e d  from t h e  c e n t e r  of t h e  
E a r t h ;  R is t h e  d i s t a n c e  from the c e n t e r  of t h e  Ea r th  t o  t h e  a l t i t u d e  
of t he  cen te r  of t h e  flow reg ion;  RE is t h e  r a d i u s  of t h e  Ear th ;  'P is 
the  supplement t o  t h e  l a t i t u d e ;  q0= "/4 is the  ang le  o f  t h e  r eg ion ' s  
c e n t e r ;  Vo is a parameter desc r ib ing  t h e  magnitude of t h e  v e l o c i t y ;  
p = 0.125km'l is a cuan t i ty ,  i nve r se  t o  t h e  l 'heizht  of uniform atmo- 
sphere", c h e r a c t e r i z i n g  t h e  rate or the  r a p i d i t y  of  a i r  d e n s i t y  d8crease  
w i t h  h:ight c43; a 
m c h  a feshion,  t h a t  

of the reg ion  and - V r  r O  e t  the upre r  and lower ones,  t h a t  is 

and b define t h e  dimension of t h e  flow reg ion  i n  

V, = 0 a t  the nor thern  and s o u t h e ~ a  boundaries  

a = rr/2RlAcp,,1~,l, L = n/21Armaxl, 

where A(pmnr and Armax a r e  the  naxlmum d8fleCtiOns of and r from 
the correE2onding coord ina tes  of t h e  c e n t e r  of t h e  region.  

The flow with  ve loc i ty  con,ponents ( 1 )  m i l l  have t h e  form i n d i c a t e d  
by arrows i n  Fig. 1. 

I n  t h i s  r eg ion  t h e  c o n t i n u i t y  

equat ion f o r  ozone d e n s i t y  is r e so lved  
w i t h  t h e  right-hand p a r t ,  depending on 
the d i f f u s i o n  and on photochemical pro- 
ces6es i n  t h e  atmosphere, determining 
the formation and t h e  d e s t r u c t i o n  of ozone 

3pIat  + div (pv) = a h -  P) +Dv2p, (2) 

where V is t h e  flow v e l o c i t y  vec tor :  a i s  

a quan t i ty ,  i n v e r s e  t o  t h e  time of  ozone 
semi-reduction; D is t h e  d i f f u s i o n  coef- 

Fie. 1 

f i c i e n t :  po iE t h e  eaui l ib r ium densi ty  of ozone at V = 0, condi t ioned 



3 .  

only by photochemical proce6ses. It is a d v l t t e d  t h a t  

where H is t h e  a l t i t u d e  above t h e  888 l e v e l .  

i n  which dp / a t  = 0. ’In ike first approximation, cons idered  i n  the  pre- 
s e n t  paper, t t e  i - f l c e n c e  of d i f f u s i o n  is n o t  taken  i n t o  account ,  tha t  is 

The d i E t r i b u t i o n  of ozone i a  searched for i n  a se t t led  air f l o w ,  

D S O .  

Under these e,sfun:;tior?s t he  equat ion  (2) w i l l  have t h e  form 

‘liere d i v  ( pv) i c  e;:;.ri::ccd i n  r ;I ierical  c o o r d i ~ a t e s  w i t h  two 

v c r i a h l e s  and not in p o l a r ,  60 as t o  take i n t o  account  t h e  s implest  way 
pofisible t h e  convergence of n e r i d i a n s  toward t h e  pole. The unique solu- 
t i o n  o f  t h e  equat ion (4)  w i l l  be eeparated, if we s t a r t  from t h e  condi- 
t i o n  of ozone dens i ty  c o n t i n u i t y ,  r)l ich ie determined by d i f f e r e n t  
metkods i n  t he  four  sub-re,Tions of our  re,t.ion, b u t  must co inc ide  on 
t h e i r  borders. Ce & h a l l  d w e l l  w*on t h i s  at f u r t h e r  l e n g t h  below. 

After s u t ~ t i t u t i n q  i f i  it V, and V accord inq  t o  t he  exprese ion  
(11, t h e  eq,uatiar! ( 1 : )  ~*311. t r - r ? r fo rn  ii:to 

This l i n e a r  inhonogenous equat ion  iF r e so lved  in F a r t i e l  der iva-  
t i v e s  of first o rde r  by t h e  s t a n d a r d  method, w i t 3  t h e  a i d  of i n t e g r a t i o n  
of an  a u x i l i a r y  system of ordinerg  d i f f e r e n t i a l  equa t ions  C63 : 

-- - dv .- = dr 
COS b ( r  - R )  6 ctg nl((cp - Cp0)siii b ( r  - 11)/dt 

(6) 
dP 

-p1pco3b(r-~{)+  ua)(r,cp)/ifo]+ upoq)(t, rp)/v0* - - 
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The f i m t  i n t e g r a l  of t h i s  cystem, w h i c h  is easy  t o  o b t a i n  by 
inte ,Trat ing the  fir6t equat ion of the s y ~ t e m ,  he6 t h e  form 

cos b ( r  - X) cos aR (cp - cpo) = C. (7) 

A f t e r  t h a t  t 9 s  e o l u t i o n  of  the ecuz t ion  amounts t o  i n t e g r a t i n g  
t3e l i n e a r  ord inory  d i f f e r e n t i a l  equat ion 0 :  t h e  f i r s t  o r d e r  

where <Q is expreczied t h o u g h  c w i t h  t h e  h e l p  of ( 7 ) ;  t h i s  equat ion  (8) 
may be w r i t t e n  i n  a s h o r t e r  form 88 fol lows 

dp / d r + p ( r ,  c )  P = f ( r ,  c). ( 8 4  

The dependence of ozone d i s t r i b u t i o n  on photochemical p r o c e ~ s e s  
i s  m a n i f e s t ,  s t r o n s e c t  of all, a t  he igh t s  of 20 t o  30 km; t h a t  is why 
me nay a s s o r t  a func t ion ,  desc r ib ing  t h e  t r u e  course of a p r e c i s e l y  i n  

t h a t  i n t e r v a l .  On the  b a s i s  of exgerimental  data and computations by 
Kondrat'yeva, t he  fol lowinq 18 chosen : 

,' = (LOCU,511 = (j. 1()-13e0,511 

The flow reyion i f i  taken i r ,  he igh t  from 2.5 t o  37.5kmabove 
?round ( t h e  c e n t e r  i E  r i t u z t e d  a t  t h e  he iqh t  of 20 km) and i n  l e t i t u d e ,  
from pole t o  ecuz tor  ( c e n t e r  a t  Y =  n / 4  1. T h i s  is a t t a i n e d  by t h e  f a c t  
t h r t  r e  a ~ e u n e " b  = 0.09, aR = 2; then b / a  w 287. 

The s o l u t i o n  of t he  q tmt ion  (8a) has the  form 

p(r, c )  = c rx-1) { - j p ( r ,  c ) d r } +  cxp { - S p(r ,  c ) d r }  x 
IO \  
\ * I  

f I r  x i i r ,  cjcsp 13 p ji, ~ ~ ~ ~ ) ~ ~ .  
A t  '4 = 3/4, the q u a n t i t i e s  p (r, c )  and f ( r ,  c )  pass " 0  i n f i n i t y 8  

hovevcr,  i t  may be shown t h a t  i n  t h a t  ca6e the  s o l u t i o n  w i l l  be f i n i t e  
(as should be expected).  From t h e  phys ica l  s t a n d p o i n t  i t  means t h a t  t h e  

vtar ia t ion of ozone d e n s i t y  in height  i s  not  manifest  i n  t h e  s o l u t i o n  on 
t h e  l i n e  n / 4 ,  s i n c e  v e r t i c a l  air flows art absent  on t h a t  l i n e .  

I n  o rde r  t o  e f f e c t  the  i n t e g r a t i o n  i n  t h e  right-hand p a r t  o f  t h e  

e q u a l i t y  (91, t he  t r igonometr ic  func t ions  i r i  t h e  e r p r e s ~ i o n s  p (r,  c ) ,  f(r, c )  

Such an e x p r e ~ s i o n  f o r  is s e l e c t e d  on t h e  basis of c a l c u l a t i o n s  of 
t h e  time of  ozone reauc t ion ,  brousht o u t  i n  t h e  t h e s i s  by A.V.Kondrat*yeva, 
a t  t h e  Phyr ; icd  Facul ty  of t he  Koscor S t a t e  Un ive r s i ty  (MU), 1962. 
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must be epproximately represented i n  t h e  form of polynomials from 
x I bh (h  = H  - 2.f; km). these polynonials beving 8 d i f f e r e n t  form at  

9<n7/4 and q>jr/d.  A t  v > n / 4  n l l  t he  func t ions  w l l l  have t h e  Index 1, 
and at rp>n /4  - the index 2. 

By the  s t r e n g t h  o f  con t inu i ty  of t h e  e o l u t i o n  a t  (Q = */ 4,  i t p r  

It 4.0 admit ted approximately t h a t  
joining w i l l  be achieved, t h a t  ie, we p o e t u l a t e  t h a t  pi(r,rr/4)=Pa(rcn/4)a 

sin cp 
oon 6 ( r  - A) 81x1 ciR(cp - cpa) w 

Tho oxprorsionr (10) d o o r o u o  our  f low rogion,  fo r  they oenba 
ut i l i o lab  only in s p r c i f i o  i n t o r v r l r  of H and 9 r r r i ~ t i o n ~  We s h e l l  
o f f o o t  oornpirtrrtionr for t h o  rogion boundod by 10 and SO kpl hoighta and 
by 30 and 74* l e t i t u d e s ,  

'p o l o ~ o  t o  r/ 4, T h a t  i r  rhy in thm band 
iimv ~ 1 1 1  not G i  oo~irllicfiob and i t  will be rpp rox iaa to lg  abmit t6d tha t  
pi  (z, 42,O') = pa@, 47,b'). Thir i a  a d ~ r r i b l o  
prir cltrronta ere vory warL whi lo  thoy baaior l ly  dotormino i"ho*oborrc 
clonolty ,psl$.ont (aa w i l l  be 8oon below),  

indopandontly f rom tho 3oieieg at 9 - 42.5 - 47.5O1 

The ozproaniona (10) poorly rpproximato tho i n i t i d  funot lon  at 
42,8'< c p < 4 7 , 0 O  tho  omloula= 

f o r  in that  n 8 i o n  the v o r t l o a l  

U t i l i e i n S  thie condition of oont ieu i tg ,  ua may r e t o  t h o  io lu t io r r ,  



c 

where upon i n t e g r a t i o n ,  c is 6Ub6tituted by its express ion  i n  (7). - 
if', = 42.5 or 47.5' correspond t o  the  value of x a t  E = 20km, ?* ((PI 
t h e  ozone d e m i t y  at H t20km. 

The func t ions  pj(x,  c), &(r, c), fi(z, c), f2(z, c) r e p r e s e n t  t h e  products  of 

is 

t h e  polynomial from x on t h e  expopent. Tbe expressions of t h e  type 
J/$(z, c) exp {I ~ ( ( 2 ,  c ) d z ) d t  (i = 1, 2) w i l l  be i n t e g r a t e d  by expanding t h e  exponent 

i n t o  s e r i e s  and l i m i t i n g  ourse lves  t o  two terms. 
The ozone d e n s i t y  ~1 i n  the region I (Fig.  1) is determined by t h e  

formula (111, t h e  d e n s i t y  
dens i ty  y2 i n  the  r e r i o n  111 - by formula (11) and t h e  d e n s i t y  f1 i n  t h e  

r e r i o n  IV - by formula (12). A t  t h e  l e v e l  x = xo (H = 20km ) the  ozone 
d e m i t 7  may be es t imated  sinlultaneously for t h e  regions I and IV, when 

( p < ( p o  and f o r  the  reg ions  I1 and 111 when (P>.cpO By the s t r e n g t h  of 
c o n t i n u i t y  of t h e  func t ion  p(x, 'Q) t h e  va lues  of t h i s  func t ion  at x = x o  

ax0 equated a t  each p o i n t ,  the value of 9' ((4) - dens i ty  of ozone at H I 
= 20 k m ,  being matched according t o  the obta ined  sequence of po in t s .  Thus, 

p2 i n  t h e  req ion  I1 - by t h e  formula (12), t h e  

by the  s t r e n g t h  of the  c losed  condi t ion  of c u r r e n t  l i n e s ,  the "boundary con- 
d i t i on"  is not  pre-assigned, bu t  is obtained from the  s o l u t i o n  i t s e l f  and 

I 
h a s  t he  form I 
a t  V, =lo07 mk/sec : 

pi*(cp) =215(1 +exp{-fO/icp-45°0),  
pZ4(q) =2ij(i-eerp {-io/ l ~ -45"1) ) ,  

I 

at v0 = z . 1 0 = 7 w ~ ~ ~  (13) 

p,.(v) = 215(1+ exp { - 5 / 1 ~ - 4 5 0 i u t  
pZ*!y! = 2IS(i - C X ~  {-I2,!5/1~ -45'1)). I 

The ozone d e n s i t y  was computed a t  every 5' l a t i t u d e  from 20 t o  70° 
and a t  every 2kmof  a l t i t u d e  from 1 0 t o  30km. Above JOkm t h e  computation 
moy no l o n g e r  be conducted i n  such a fash ion ,  for t he  r e s t r i c t i o n  of expon- 
n e n t  expansion i n  s e r i e s  t o  two terms w i l l  a l r eady  be i n e u f f i c i e n t .  Our 
6chene suppose6 , t h a t  above 37.5k.m t h e  air cu r ren t6  are g e n e r a l l y  a b s e n t ,  
and t h a t  beginning a t  about "5 km they are very w e a k ,  e o  t h a t  t he  ozone 

d i s t r i b u t i o n  may be es t imated  86 of t h i s  l e v e l  t o  be near  t h e  p '*otochenical.  
I n  the a l t i t u d e  ran@ 30- 35km the  approximate course of ozone d e n s i t y  is 
i n t e r p o l a t e d  

I 

I 



The s o l i d  l i n e  r e p r e s e n t s  the s,T 

I n  t h e  g iven  current 
I 

H, XU cur ren t s  are s t r o n g e s t ,  a s h a r p  i n c r e a s e  
of t he  t o t a l  ozone conten t  is observed, 

H, x u  alon,wide wi th  ~l lowering o f  t h e  
maximum and an i n c r e a s e  i n  
ozone Concentrat ion in it .  

I 
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scheme the upper m a x i m u m  is forming from the  ascending air c u r r e n t ,  and 

t h e  lower one - tho  r e s i d u a l  maximum- is condi t ioned by the  maximum t h a t  

forms from the  descending c u r r e n t s  at  
destroyed by t h e  ascending f l o w ,  and i t  v6nishee n e a r l y  Completely i n  t h e  

1ovlermoPt l a t i t u d e s .  
It mag be seen  fron t hese  c i n e 6  t h a t  v e r t i c a l  f l o n s ' e x e r t  a great 

Q <  n/4,This m a x i m u m  i c  g radua l ly  

inf luence  on t h e  d i s t r i b u t i o n  of ozone. The g r e a t e s t  v m d a t i o n s  of ozone 
content  td4e place p r e c i s e l y  where t h e  greatest v e r t i c a l  c u r r e n t s  are pre- 

s e n t .  The ho r i zon te l  c u r r e n t s  a leo  a f f e c t  t h e  d i t s t r ibu t ion  of ozone, though 
t o  a considerably lesser  degree. 

It shoula be noted also, tha t  t h e r e  ex is t s  an i n t e r v a l  of air  cur- 
r e n t ' s  v e r t i c a l  v e l o c i t y ,  i n  which the v e l o c i t y  v e r i a t i o n s  a r e  most mani fes t  
i n  the d i s t r i b u t i o n  of ozone. Outside the I n t e r v a l  of v e l o c i t y  v a r i a t i o n s  
i n  a s e t t l e d  f low,  t he  effect  on ozone d i s t r i b u t i o n  is immaterial. 

The mob:t' s u b s t a n t i a l  discrepancy between t h e  r e s u l t s  of calcula- 

tions and observat ions c o n s i s t s  i n  t h e  s h a r p l y  ove r ra t ed  ozone con ten t  at 
hick l a t i t u d e s  a t  comparatively low cur ren t  v e l o c i t i e s .  T h i s  may be par- 

t i a l l y  explained by t he  f e c t ,  t3at the confiidered s e t t l e d  f low approaches 
more or  l e s s  the s e t t l e d  f low i n  r e a l  atmospheric condi t ione .  This is i n  - 
p a r t  because of the  d i s t i n c t i o n  between o u r  scheme and t h a t  of t h e  work [3], 
which conF i s t s  i n  t h o t  t he  l a t t e r ' s  cu r ren t s ,  d i r e c t e d  from s o u t h  t o  n o r t h ,  
Fpreod  t o  hei,Fhts of 70-  80 km, whilenln our  scheme, the  same volume of 
a i r  i , c  

a i r  v e l o c i t y  is found t o  be g r e a t e r  i n  our  scheme. It iE n e v e r t h e l e s s  pos- 
c i b l e ,  that the increased  ~ z i j i i e  redustinn in the lower lagers, eo f a r  d is -  

regarded,  ( f o r  example, aerosol oxydation, e t c . ) ,  ought t o  be t aken  into 
account . 

"plc.ced** up t o  t h e  h e i g h t  of only 37.5 k m .  That i n  why t h e  e f f e c t i v e  

I n  conclusion,  t h e  author  expresses  h i s  thanks t o  A.KH.Khr1gan 
f o r  s t a t i n g  t h e  problem and he lp  I n  t he  work. 

O C L +  T H E  E N D  + + e +  

Contrac t  No0NAS-5-J760 
Consul t  a n t s  and Defiignera , Inc  . Trans la t ed  by ANDFIE L. BRICEIANT 

on 20- 21 July 1965 Ar l ington ,  V i r d n i a  
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